Regulation of the synthesis and/or secretion of hypocalcemic and hypercalcemic hormones by calcium-sensing receptor (CaSR) is believed to be a major pathway for maintaining Ca 2ϩ homeostasis in vertebrates, based primarily on findings in mammals. However, understanding the evolution of this physiological process requires that it be described in non-mammalian species. Here, we describe the use of zebrafish as a model to investigate whether CaSR contributes to body fluid Ca 2ϩ homeostasis by regulating synthesis of hypercalcemic (PTH1 and PTH2) and hypocalcemic hormones (stanniocalcin (STC-1)). We report that PTH1, but not PTH2, increases Ca 2ϩ uptake through stimulating the expression of the gene encoding epithelial Ca 2ϩ channel (ecac). Furthermore, we demonstrate that CaSR, as a Ca 2ϩ sensor, may differently affect stc-1 and pth1 expressions, thereby suppressing ecac expression and Ca 2ϩ uptake. Finally, we show that CaSR knockdown has time-dependent effects on STC-1 and PTH1 expression, and these two hormones have mutual effects on the expressions, thus forming a possible counterbalance. These findings enhance our understanding of CaSR-PTH-STC control of Ca 2ϩ homeostasis in vertebrates.
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C a 2ϩ is a vital element for many physiological activities in vertebrates, including muscle contraction, neuronal excitability, and bone formation (1, 2) . Slight changes in body fluid Ca 2ϩ content disturb several physiological processes, and therefore circulating levels of Ca 2ϩ must be tightly controlled. Regulation of Ca 2ϩ homeostasis in vertebrates requires the ability to sense extracellular Ca 2ϩ levels, a process performed by the transmembrane calcium-sensing receptor (CaSR) (3) . The N-terminal extracellular domain of CaSR binds extracellular Ca 2ϩ in the physiological range, which then activates the G proteincoupled intracellular domain (3) . The role of CaSR in regulating the synthesis and/or secretion of hypocalcemic and hypercalcemic hormones is believed to form a major integrative pathway for Ca 2ϩ homeostasis in vertebrates (3) (4) (5) (6) (7) (8) . However, much of our understanding is derived from mammalian studies, and thus insights into the evolution of this process will require its characterization in nonmammalian vertebrates. In addition to dietary Ca 2ϩ , lower vertebrates, like fish, absorb Ca 2ϩ from the surrounding water. The gills (or skin, during the embryonic stages) are the primary organs (Ͼ97% of the whole body) for Ca 2ϩ uptake in fish, and the natural fluctuations in the Ca 2ϩ levels of ambient water mean that Ca 2ϩ uptake must be tightly controlled (9 -12) . A specific group of ionocytes, zebrafish Na ϩ ,K ϩ -ATPase-rich (NaR) cells, in fish gills/skin are analogous to the Ca 2ϩ -reabsorbing cells of mammalian kidneys, in term of Ca 2ϩ transporter expression and function (13) (14) (15) (16) . Several pathways of hormonal control of Ca 2ϩ uptake function are also conserved between fish and mammals (1, 10, 12) . Therefore, fish-based studies are important to enhance our understanding of the evolutionary origins of CaSR-mediated regulation of body fluid Ca 2ϩ homeostasis in vertebrates. Calciotropic PTH is synthesized in the parathyroid gland of certain vertebrates, including amphibians, reptiles, birds, and mammals. PTH affects serum Ca 2ϩ levels through the regulation of renal mechanisms by modulating Ca 2ϩ uptake through regulation of epithelium Ca 2ϩ channel (ECaC) expression (1, 17) . CaSR regulates Ca 2ϩ levels primarily through suppression of PTH transcription and secretion in the parathyroid gland of mammals (18 -20) . The evolution of parathyroid gland freed the tetrapods from relying on Ca 2ϩ uptake from the water by enabling them to internally regulate their serum Ca 2ϩ levels primarily under the CaSR-PTH control. Therefore, the parathyroid gland was thought to be the key that tetrapods could shift from aquatic to a terrestrial environment (21) . However, there have been few studies on how this evolution was achieved. Fish, which lack a parathyroid gland, express two duplicate PTH paralogs, PTH1 and PTH2 (22, 23) . Injection of goldfish with synthetic fugu PTH1 significantly up-regulates serum Ca 2ϩ levels (24) , and incubation of zebrafish in diluted freshwater (FW) supplemented with Ca 2ϩ significantly down-regulates pth1 expression (25); these findings suggest a possible role of PTH in Ca 2ϩ regulation in fish. However, it remains unknown whether this regulatory process involves PTH1 and/or PTH2, and the underlying mechanisms are also unclear. In zebrafish, casr and pth have been reported to be coexpressed in certain tissues, including the gills and brain; furthermore, the gills have been proposed to be the evolutionary origin of the parathyroid gland (21) . As such, CaSR-mediated regulation of PTH may have emerged in fish before the parathyroid gland evolved.
CaSR has also been suggested to maintain Ca 2ϩ homeostasis in fish through stanniocalcin-1 (STC-1), a hypocalcemic hormone (6, 7) . Teleost STC-1 is predominantly secreted from the corpuscles of Stannius (CS) (26) . In zebrafish, STC-1 expression is affected by the concentration of environmental Ca 2ϩ , and STC-1 loss-of-function results in increased Ca 2ϩ uptake through enhanced transcription of ecac (27) . CaSR is highly expressed in the CS of several fish species (6, 7, 28) , and treatment of trout and flounder with calcimimetics (selective stimulators of CaSR) was found to increase serum levels of STC-1; such evidence implies that extracellular Ca 2ϩ regulates STC-1 expression by activating the CaSR in the CS (6, 7) . In mammals, STC-1 is widely expressed in renal tubular cells, suggesting that STC-1 functions in a paracrine and/or autocrine manner (26) . Mammalian STC-1 inhibits intestinal Ca 2ϩ uptake (29) , which presumably occurs through down-regulation of ecac expression. CaSR expression has also been detected in mammalian renal tubules (30) , but it is not known if CaSR affects STC-1 expression and secretion in mammals.
The mechanisms by which CaSR regulates the synthesis and/or secretion of calciotropic hormones to maintain body fluid Ca 2ϩ homeostasis in vertebrates remain incompletely understood. Studies on zebrafish (Danio rerio) may help elucidate these processes, as its rapid embryonic development, availability of molecular tools, and ease of in vivo cellular observation and functional analysis make it a suitable model for the study of integrative and regulatory physiology and, in particular, the epithelial transport and hormonal control associated with body fluid ionic homeostasis (12, 31, 32) . Zebrafish has previously been used to establish a model for Ca 2ϩ uptake through the apical epithelial Ca 2ϩ channel (ECaC; the single orthologue of mammalian TRPV5 and 6) (1, 13), the basolateral plasma membrane Ca 2ϩ -ATPase (PMCA), and the Na ϩ /Ca 2ϩ exchanger (NCX) (12, 32) . Several calciotropic hormones, including STC-1 and PTHs, have been reported to control Ca 2ϩ homeostasis in zebrafish through regulating ecac expression (27, (33) (34) (35) (36) ; msp (macrophage-stimulating protein) mutant embryos with defects in Ca 2ϩ homeostasis exhibited altered expression of ecac, stc-1, pth1, and pth2 as compared to wild type embryos (37) , implying that these hormones are involved in regulating Ca 2ϩ uptake in zebrafish. Based on these earlier findings, we used zebrafish as a model to test the hypothesis that CaSR controls transepithelial Ca 2ϩ uptake through STC-1 and PTH. The present study was designed to address: (i) whether PTH1 and/or PTH2 control zebrafish Ca 2ϩ uptake by regulating expression of the Ca 2ϩ transporters ecac, ncx1b, and/or pmca2; (ii) whether CaSR maintains Ca 2ϩ homeostasis by regulating expression of PTH and STC-1 in zebrafish; and (iii) whether zebrafish PTH and STC-1 affect the expression of one another. 
Materials and Methods

Experimental animals
Whole-body Ca 2؉ content
Embryos were anesthetized with 0.2% buffered MS-222 (Sigma) and then briefly rinsed in deionized water. Twenty individuals were pooled as one sample. HNO 3 (13.1 N) was added to samples for digestion at 65°C overnight. Digested solutions were diluted with double-deionized water, and the total calcium content was measured using a Z-8000 atomic absorption spectrophotometer (Hitachi, Tokyo, Japan). Standard solutions (Merck, Darmstadt, Germany) were used to generate the standard curves.
RNA extraction
After anesthetization with 0.03% MS222, appropriate amounts of zebrafish tissues or embryos were collected and homogenized in 1 ml TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The homogenates were then mixed with 0.2 ml chloroform, and thoroughly shaken. After centrifugation at 12,000 xg for 30 minutes at 4°C, the supernatants were mixed with an equal volume of isopropanol. The solutions were precipitated by centrifugation at 12,000 xg for 30 minutes at 4°C, and the resulting pellets were washed with 70% alcohol, and stored at -20°C until use.
RT-PCR analysis
For cDNA synthesis, 1ϳ5 g of total RNA were reversetranscribed in a reaction mixture containing 0.5 mM dNTPs, 2.5 M oligo (dT) 20 , 250 ng random primers, 5 mM dithiothreitol, 40 U RNase inhibitor, and 200 U Superscript RT (Invitrogen), to a final volume of 20 l. The mixture was incubated for 1 hour at 50°C, and then for 15 minutes at 70°C. PCR was performed in a reaction mixture containing 2 l cDNA template, 0.25 mM dNTPs, 2.5 U Taq DNA polymerase (Takara, Shiga, Japan), and 0.2 M of each primer (Supplemental Table 1 ), to a final volume of 50 l. Each PCR consisted of 30 cycles. All amplicons were sequenced to confirm gene identity.
Quantitative real-time (q)PCR
A Light Cycler real-time PCR system (Roche, Penzberg, Germany) was used to perform qPCR. The reaction mixture consisted of 5 l 2x SYBR Green I Master Mix (Roche), 300 nM of the primer pairs, and 20ϳ30 ng cDNA, to a final volume of 10 l. The standard curve for each gene was checked in a linear range with ␤-actin as an internal control. The primer sets used for qPCR are shown in Supplemental Table 2 .
In situ hybridization
Zebrafish casr (Genebank accession no. XM 684005, nt482ϳ1008) fragments were generated by PCR and inserted into the pGEM-T Easy Vector (Promega, Madison, WI, USA). The inserted fragments were amplified by PCR using T7 and SP6 primers, and the products were used as templates for in vitro transcription with T7 and SP6 RNA polymerase (Roche) in the presence of digoxigenin (DIG)-UTP (Roche), to synthesize sense (T7) and antisense (SP6) probes.
Zebrafish embryos were anesthetized on ice, and then fixed with 4% paraformaldehyde (PFA) in a phosphate-buffered saline (PBS) solution (PBS; 1.4 mM NaCl, 0.2 mM KCl, 0.1 mM Na 2 HPO 4 , and 0.002 mM KH 2 PO 4 ; pH 7.4) at 4°C overnight. Samples were subsequently washed with diethylpyrocarbonate (DEPC)-treated PBST (PBS with 0.1% Tween-20) several times (10 minutes per wash). After washing, samples were first incubated with hybridization buffer (HyB, 50% formamide, 5x SSC, and 0.1% Tween 20) at 65°C for 5 minutes, and then with HyB containing 500 g/ml yeast tRNA at 65°C for 4 hours before hybridization. After hybridization with 100 ng/ml DIG-labeled antisense or sense RNA probes overnight, embryos were sequentially washed with 50% formamide-2x SSC (at 65°C for 20 minutes), 2x SSC (at 65°C for 10 minutes), 2x SSC (at 65°C for 10 minutes), 0.2x SSC (at 65°C for 30 minutes, twice), and PBST (at room temperature for 10 minutes). Embryos were then immunoreacted with an alkaline phosphatase-coupled anti-DIG antibody (1: 8000), and stained with nitro blue tetrazolium (NBT) (Roche) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Roche) for the detection of alkaline phosphatase activity.
Microinjection of capped mRNA (cRNA) and antisense morpholino oligonucleotides (MOs)
PCR was used to amplify full-length zebrafish pth1 and pth2 (containing the MO-targeted sequences) using the primers in Table S3 , and the amplicons were cloned into the pCS2ϩ green fluorescent protein (GFP) XLT expression vector. STC-1 expression constructs were generated as previously described (27) . The expression constructs were linearized, and used as templates for cRNA synthesis using an SP6 message RNA polymerase kit (Ambion, Austin, TX, USA). Zebrafish embryos at the 1ϳ2 cell stage were injected with cRNAs at a dosage of 250 -300 pg/embryo, in accordance with previous studies (27, 34) . Successful overexpression of PTH1, PTH2, or STC-1 was confirmed by the presence of green fluorescent signals under microscopic observation (Axioplan 2 Imaging; Carl Zeiss, Oberkochen, Germany).
Translation-inhibiting MOs were used to suppress protein expression. Zebrafish PTH1 MO (5Ј-TCAACACCCGCAAC-CTGCAATATTA-3Ј; Genebank accession no. NM 212950, nt10ϳ34), PTH2 MO (5Ј-ATGTTACTCATACGTTGTTTG-GAGA-3Ј; Genebank accession no. NM 212949, nt86ϳ110) and CaSR MO ( 5Ј-AGTTGGAACCTAATGTGGTCTTCAT-3Ј; Ensemble accession no. ENSDARG00000013649, nt-42ϳ-18) were prepared with sterilized water. A standard control MO (5Ј-CCTCTTACCTCAGTTACAATTTATA-3Ј) was also prepared. We assessed the effects of various dosages (1, 1.5, 2, 2.5, 4, and 8 ng/embryo) of each MO on normal development. Based on these results, we chose to use 1.5 ng/embryo of PTH1 MO, 4 ng/embryo of PTH2 MO, and 4 ng/embryo of CaSR MO in all subsequent experiments, as these doses did not result in significant mortality or abnormal behavior in the morphants. Injected embryos were sampled at 30 hpf and 3 dpf for subsequent analyses. The overexpression and knockdown assays were executed only in zebrafish embryos due to the limitations of these techniques in adult zebrafish.
Statistical analysis
Group data sets were confirmed to be normally distributed by the Anderson Darling Normality Test (P Ͼ .05). Data are presented as the mean Ϯ SEM and were analyzed by one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test or Student's t test.
Results
Expression of pth1 and pth2 mRNA in zebrafish
Expression of pth1 and pth2 was first detected in embryos at 1 hour postfertilization (hpf), and mRNA was present throughout development ( Figure 1A ). In addition, both pth1 and pth2 were expressed in most of the tissues examined ( Figure 1B) . We proceeded to examine the effect of altering environmental Ca 2ϩ levels on expression of zebrafish pth1 and pth2. Expression of pth1 was significantly increased at 3 days after acclimation to low-Ca 2ϩ water, while pth2 expression was unaffected ( Figure 1C ).
Effect of PTH1 or PTH2 overexpression and knockdown on calcium content and Ca
2؉ transporter gene expression
To determine whether the PTH paralogs affect Ca 2ϩ homeostasis, we injected zebrafish embryos at the 1ϳ2-cell stage with pth1 or pth2 cRNA. Overexpression was confirmed by the presence of green fluorescent signals in cRNA-injected embryos (Supplemental Figure 1, A-B) . Calcium content in embryos injected with pth1 cRNA was up-regulated at 3 days postfertilization (dpf), but unaffected in embryos injected with pth2 cRNA (Figure 2A ). In addition, we used qPCR to demonstrate that injection of pth1 cRNA enhanced expression of ecac, but not ncx1b and pmca2, at 3 dpf ( Figure 2B) ; conversely, embryos injected with pth2 cRNA did not exhibit changes in Ca 2ϩ transporter gene expression ( Figure 2C ).
To confirm the role of PTH1 in Ca 2ϩ homeostasis, we injected embryos with morpholinos to inhibit the translation of zebrafish pth1 or pth2. We confirmed the specificity and effectiveness of the PTH1 and PTH2 MOs by coinjecting them into embryos with pth1 or pth2 cRNA, respectively. Coinjected embryos exhibited substantially less fluorescence than embryos injected with cRNA alone (Supplemental Figure 1 , A-D), which indicates that the MOs specifically and effectively prevent translation of the target genes. Injection of 1ϳ2-cellstage embryos with PTH1 MO, but not PTH2 MO, caused significant decreases in Ca 2ϩ content and the gene expression of the three Ca 2ϩ transporters (ecac, pmca2 and ncx1b) at 3 dpf, as compared to control morphants ( Figure 2D and E).
Expression of casr
Zebrafish casr mRNA was observed throughout development, from 1 hpf onwards ( Figure 3A) . Furthermore, casr mRNA was observed in most adult tissues examined ( Figure 3B ). In situ hybridization revealed intense expression of casr in the CS ( Figure 3C ).
Effect of CaSR loss-of-function on calcium content and Ca
2؉ transporter gene expression
To block CaSR translation, we injected CaSR MO into zebrafish embryos at the 1ϳ2 cell stage. We confirmed that CaSR MO injection decreased CaSR protein in zebrafish embryos (Supplemental Figure 1E ). Embryos injected with CaSR MO exhibited significant increases in calcium content at 30-hpf and 3-dpf, as compared to embryos injected with Expression of pth1 and pth2 mRNA in zebrafish. RT-PCR was used to detect pth1 and pth2 mRNA at the indicated developmental stages (A) and in the indicated adult tissues (B). ␤-actin was used as an internal control. C, Zebrafish were acclimated to low-(0.02 mM Ca 2ϩ ) or high-Ca 2ϩ (2.00 mM Ca 2ϩ ) artificial freshwater, and expression of pth1 and pth2 mRNA were analyzed by qPCR. All values were normalized to ␤-actin and analyzed by Student's t test (**P Ͻ .01). Values are the mean Ϯ SEM (nϭ6). E, eye; G, gill; Fb, forebrain; Hb, hindbrain; H, heart; K, kidney; I, intestine; Sp; spleen; L, liver; M, muscle; Sk, skin.
control MO ( Figure 4A ). Moreover, injection with CaSR MO significantly increased expression of ecac, but not ncx1b or pmca2, at 30 hpf ( Figure 4B ) and 3 dpf ( Figure  4C ).
Effect of CaSR loss-of-function on PTH1 and STC-1
To investigate the actions of CaSR on stc-1 and pth1 expression, we injected CaSR MO into zebrafish embryos at the 1ϳ2 cell stage. To determine the temporal effects of CaSR knockdown, 30-hpf and 3-dpf embryos were sampled. CaSR knockdown caused differential time-dependent effects on the mRNA levels of stc-1 and pth, as determined by qPCR. Expression of stc-1 in the CaSR morphants was significantly decreased at 30 hpf as compared to that in the controls, but no differences were observed by 3 dpf (Figure 5A ). On the contrary, pth1 expression in the CaSR morphants was significantly increased at both 30-hpf and 3-dpf, as compared to that in the control group ( Figure 5B ).
Mutual stimulatory effects of PTH1 and STC-1
After establishing that CaSR knockdown causes different time-dependent effects on expression of pth1 and stc-1, we investigated whether PTH1 and STC-1 influence expression of one another. Overexpression of PTH1 by injection of embryos with pth1 cRNA resulted in enhanced levels of stc-1 mRNA at 30 hpf, but not at 3 dpf ( Figure 6A ). Similarly, overexpression of STC-1 increased pth1 mRNA at 30 hpf, but not 3 dpf ( Figure 6B ). We proceeded to determine whether the recovery of stc-1 expression in CaSR morphants by 3 dpf ( Figure 5A ) is a consequence of enhanced pth1 expression ( Figure  5B ), by coinjecting 1ϳ2-cell-stage zebrafish embryos with both CaSR and PTH1 MOs. As shown in Figure  6C , the recovery of stc-1 mRNA in CaSR morphants by 3 dpf was impaired by simultaneous knockdown of PTH1, in agreement with our hypothesis.
Effect of CaSR loss-of-function on calcium content and gene expression in low or high Ca
2؉ medium
For further clarify the functions of CaSR, effects of low-and high-Ca 2ϩ water on Ca 2ϩ regulation and the related genes in zebrafish CaSR morphants were examined. Calcium content in zebrafish embryos treated with low-Ca 2ϩ water, compared with that in the high-Ca 2ϩ group, was decreased initially at 30 hpf, and was thereafter recovered with a higher level by 3 dpf ( Figure 7A ). CaSR knockdown stimulated calcium content in embryos with both treatments, and this effect was maintained at 3 dpf only in the high-Ca Figure 7A ). High-Ca 2ϩ treatment increased zebrafish stc-1 expression during the whole experiment; CaSR knockdown showed no effect and a suppression respectively on the expression in low-Ca 2ϩ and high-Ca 2ϩ situations at 30 hpf, but reversely increased the expression in both situations at 3 dpf ( Figure 7B ). Zebrafish pth1 expression was not changed at 30 hpf but was suppressed thereafter at 3 dpf by high-Ca 2ϩ treatment; notably, CaSR knockdown stimulated the expression in both high-and low-Ca 2ϩ groups at 30 hpf and the stimulatory effects were even higher at 3 dpf ( Figure 7C ). Contrary to stc-1 expression, zebrafish ecac expression was suppressed by high-Ca 2ϩ treatment during the whole experiment; CaSR loss-of-function stimulated ecac expression at 30 hpf but showed no effect and a suppression respectively in lowand high-Ca 2ϩ groups at 3 dpf ( Figure 7D ).
Discussion
Previous studies have demonstrated that expression of pth1 is inhibited in zebrafish maintained in diluted FW supplemented with additional Ca 2ϩ , and plasma calcium levels are increased in goldfish injected with puffer fish PTH1 (1-34) (24, 25) . Moreover, Ca 2ϩ homeostasis was disturbed, and expression of pth1 and pth2 was altered in msp mutant zebrafish (37) . These findings imply that PTH performs a calciotropic role in teleosts, as in mammals. However, unlike mammals, teleosts possess two paralogous pth genes, the contributions of which to calcium regulation were previously unclear. In the present study, we have confirmed that overexpression of pth1 enhances calcium content in 3-dpf zebrafish embryos. Furthermore, the underlying mechanism involves stimulation of ecac expression. Loss-and gain-of-function of PTH1 affected calcium transporters ( ecac and/or pmca2/ncx1b) expressions and calcium content, and two experiments with different levels of impacts corroborated the hypercalcemic function of PTH1 (Figure 2 ). On the other hand, both overexpression and knockdown of pth2 did not affect calcium content or calcium transporter gene expression in zebrafish (Figure 2 ). In the present study, gain-of-function of PTH1 stimulated only the ecac expression while the loss-of-function suppressed not only ecac but also the 2 other transporter genes (pmca2 and ncx1b). (Figure 2 ). This inconsistency is probably due to the technical limitations. Overexpression of injected cRNA has limitation in temporal and spatial terms, the message being translated almost immediately by cells that inherit it; however, MO knockdown inhibits the endogenous protein translation in specific cells or tissues. Furthermore, MO may have unpredicted impact on zebrafish as it has toxic or affects development in some cases (38) . On the other hand, Pan et al (13) demonstrated that ecac, which is specifically expressed in certain gill/skin ionocytes, plays a central role in Ca 2ϩ uptake in zebrafish. In addition, calciotropic hormones, including STC-1, cortisol, calcitonin (CT), isotocin, and vitamin D 3 , have been demonstrated to regulate calcium homeostasis in fish primarily through modulating ecac expression (27, (33) (34) (35) (36) 39) . As such, our finding that zebrafish PTH1 exerts its hypercalcemic activity through stimulation of ecac expression (and the resulting increase in calcium content) is reasonable. This result is further supported by the finding that acclimation to low Ca 2ϩ enhanced expression of pth1, but not pth2, in zebrafish. The two paralogs of PTHs may perform different functions, based on their affinities to different PTHRs (23, 40) . In vitro, zebrafish PTH1 nonselectively activated PTHR1 and -3, while PTH2 activated PTHR3 alone (41) . Shark PTH1, but not PTH2, stimulates PTHR1 activity in mammalian cells (23 (8, 18, 20, 30) . In zebrafish, CaSR is expressed in most adult tissues, with particularly high transcript levels in the gills, brain, kidney, and skin ( Figure 3B) . The apparently high level of CaSR expression in zebrafish kidney may be a consequence of high expression in the CS; the CS is a tiny organ attached to the kidney, and it is thus difficult to remove during dissection (27) . Our in situ hybridization analysis revealed high levels of CaSR mRNA in the CS ( Figure 3C) ; the CS is the major organ that synthesizes and releases STC-1 in fish (26) , suggesting that CaSR may be important in these processes. Expression of CaSR in the CS has also been reported in other fish species (6, 7, 28) . Mammals lack the CS, and mammalian STC-1 is expressed in various tissues (26) in which CaSR is also expressed (30, 43) . Whether CaSR is localized to STC-1-synthesizing cells in mammals (an issue of physiological significance for Ca 2ϩ homeostasis) is unknown. High expression of CaSR in zebrafish CS suggests that CaSR in this organ may detect extracellular Ca 2ϩ concentrations and consequently trigger the synthesis and/or release of STC-1 to maintain Ca 2ϩ homeostasis. Our loss-of-function experiments support this hypothesis; CaSR knockdown resulted in increased Ca 2ϩ content and enhanced ecac expression in zebrafish embryos (Figure 4) , similar to the phenotypes in STC-1 morphants (27) . Activation of CaSR by calcimimetics including the phenylalkylamines NPS R-467 and R-568, positive modulators of CaSR, in flounder and rainbow trout was reported to increase plasma levels of STC-1 (ie, secretion of STC-1) and thus inhibit Ca 2ϩ uptake (6, 7). The present study suggests that CaSR may mediate the regulation of stc-1 transcription, as CaSR knockdown resulted in decreased stc-1 mRNA in zebrafish ( Figure 5A ). There is currently no information on the effects of CaSR on STC-1 in mammals. Mammalian CaSR is known to regulate the synthesis and release of CT, another hypocalcemic hormone, and CaSR/PTH double knockout experiments have demonstrated a role for CaSR in CT secretion (8, 44) . Increased extracellular Ca 2ϩ activates CaSR in fish (7, 45) and mammals (46) . However, CT secretion was not altered by calcimimetics in rainbow trout (6) , and calcitonin expression was unaffected in zebrafish CaSR morphants (Supplemental Figure 2) . Therefore, CaSR may regulate STC-1 instead of CT in fish. The possibility of CaSR-regulated CT expression and secretion in fish, however, could not be completely excluded because of the interactions between STC-1 and CT that were proposed in a previous study; overexpression of ct stimulates stc-1 expression in zebrafish embryos (34) . In summary, the involvement of CaSR in body fluid Ca 2ϩ homeostasis through hypocalcemic hormones appears to be conserved between zebrafish and mammals.
In mammals, CaSR negatively regulates PTH transcription and secretion in the parathyroid gland through sensing extracellular Ca 2ϩ level (19, 20, 30) . Fish lack the parathyroid gland; however, pth1 and casr were observed to be coexpressed in various zebrafish tissues, including kidney and skin (21; Figures 1B and 3B ). In addition, casr and pth1 transcripts were detected at all stages of zebrafish embryonic development ( Figures 1A and 3A) , suggesting a possible role for both genes during early development. The regulatory effect of CaSR on PTH1 in fish was unknown prior to the present study. CaSR knockdown resulted in a significant enhancement of pth1 expression in zebrafish (Figure 5B) , suggesting that activation of CaSR by a high external Ca 2ϩ may negatively regulate Ca 2ϩ uptake through suppressing pth1 expression, a similar process to that observed in mammals. In rainbow trout, branchial Ca 2ϩ uptake was significantly decreased upon activation of CaSR by application of calcimimetics (6) . In the present study, calcium content and ecac expression were significantly up-regulated in CaSR knock-down zebrafish, further supporting the above hypothesis. Taken together, it seems that the CaSR-mediated suppression of pth1 expression toward hypocalcemic effects may have developed in vertebrates before the evolution of the parathyroid gland. In addition, the broad coexpression of pth1 and casr in various tissues may provide an efficient system to enable fish to adapt rapidly to aquatic environments with fluctuating Ca 2ϩ levels. Earlier studies have proposed that interactions or feedback pathways exist between hypo-and hypercalcemic hormones (34, 36, 37) . In zebrafish, exogenous 1␣, 25-dihy- droxyvitamin D 3 induces hypercalcemic effects with concomitant suppression and stimulation of the expression of the endogenous vitamin D metabolism enzymes (cyp27b1 and cyp24a1) (36) . Overexpression of the hypocalcemic hormone CT results in enhanced transcription of the genes encoding the hypercalcemic hormone receptors PTHR and vitamin D receptor in zebrafish (34) . In addition, msp mutant zebrafish strains show an initial defect and a subsequent recovery in Ca 2ϩ homeostasis during embryonic stages (6 -12 dpf), at which time expression of stc-1, pth1, and ecac were altered (37) . The present study further provided some clues to the notion of mutually counterbalancing STC-1/PTH1 and the possible mediation of CaSR in the context of body fluid Ca 2ϩ homeostasis. CaSR knockdown resulted in simultaneous suppression of stc-1 and stimulation of pth1 at 30 hpf. By 3 dpf, the situation had changed dramatically; stc-1 expression had recovered to wild-type levels, while pth1 expression had increased further (2.9-fold at 30 hpf vs. 4.3-fold at 3 dpf, as compared to the respective control MO group; Figure 5 ). In the CaSR morphants, the enhancement of pth1 expression appears to exert some effect on the recovery of stc-1 expression by 3 dpf. This hypothesis was supported by the observation that overexpression of pth1 stimulates stc-1 expression at 30 hpf, but not at 3 dpf ( Figure 6A ). Furthermore, pth1 knockdown prevented the recovery of stc-1 expression in CaSR morphants at 3 dpf ( Figure 6C ). On the other hand, STC-1 overexpression also exerted a time-dependent effect on the expression of pth1, which was stimulated at 30 hpf, but not at 3 dpf ( Figure 6B ). Taken together, PTH1 and STC-1 may influence or counterbalance with one another in a time-dependent manner to maintain Ca 2ϩ homeostasis, and CaSR may play some role in there processes.
Subsequent acclimation experiments further reinforce our above findings. High-Ca 2ϩ water induced an increase of calcium content in zebafish embryos at 30 hpf, and stimulated stc-1 expression and a concomitant suppression of ecac expression were the initial responses to compensate for the disturbed body fluid Ca 2ϩ homeostasis, as reported in previous studies (13, 15, 27) . CaSR knockdown significant affected all these responses (except the stc-1 in low-Ca 2ϩ ) (Figure 7 ), suggesting that CaSR senses the changes in body calcium content (and presumably the extracellular Ca 2ϩ level) and consequently initiates the downstream physiological processes executed by STC-1/ PTH-expressing cells and Ca 2ϩ -absorbing ionocytes. At later stages, the aforementioned mutual effects and/or counterbalancing between STC-1 and PTH1 occur and CaSR may be also involved in these mechanisms. Zebrafish calcium content was recovered with a lower level in high-Ca 2ϩ group at 3 dpf, which may be resulted from the persistently-suppressed ecac expression due to the combined actions of stimulated stc-1 and decreased pth1 under high-Ca 2ϩ situation (Figure 7 ). Loss-of-function of CaSR affected the expressions of the target genes by stimulating stc-1/pth1 and suppressing ecac at 3 dpf (Figure 7) , further clarifying the role of CaSR in these Ca 2ϩ homoeo- Figure  7A ). The changes in body calcium content may be latter (or less insensitive) than that in gene expression since our unpublished data that did show decreased Ca 2ϩ influx in the CaSR morphants at 4 dpf. CaSR was previously localized in branchial ionocytes, the primary site for ion regulation, in fishes including tilapia, sea bream and Atlantic salmon (28, 47, 48) . CaSR and TRPV5 are coexpressed in distal convoluted tubule/ connecting tubule of human kidney cortex, and activation of CaSR increases TRPV5 activity without altering the expression level (49) . The present findings, control of CaS R on the PTH1-and STC1-mediated regulation of ECaC expression, may not completely exclude the direct effects of CaSR on the ECaC-expressing ionocytes in zebrafish, and this notion needs further studies to clarify in the future. However, it is noted that both PTH1 and STC-1 are upstream regulators of the ecac expression in zebrafish ionocytes (the present study, 27).
In summary (Figure 8 ), only one of the zebrafish PTH paralogs, PTH1, was found to up-regulate Ca 2ϩ uptake through stimulation of ecac expression. CaSR also demonstrated hypocalcemic activity via up-and down-regulation of the synthesis/function of STC-1 and PTH1, respectively, through which it suppresses ecac expression and Ca 2ϩ uptake (Figure 8 ). Furthermore, we have also identified that CaSR has time-dependent effects on the expressions of STC-1 and PTH1, thereby providing a possible STC-1/PTH1 counterbalancing mechanism toward body fluid Ca 2ϩ homeostasis (Figure 8 ). These findings provide novel insights into our understanding of the evolution of hormonal control of Ca 2ϩ regulation in vertebrates. Pathway affecting extracellular Ca 2+ + Activation Figure 8 . Proposed model of CaSR function in zebrafish on Ca 2ϩ homoestasis. CaSR, being activated by extracellular Ca 2ϩ , initiates the downstream processes of up-regulating and down-regulating the expression (and/or secretion) of STC-1and PTH1, respectively, thereby suppressing ecac expression and Ca 2ϩ uptake to achieve hypocalcemic activity. Actions of STC-1 and PTH1 on ecac expression and Ca 2ϩ uptake form a possible counterbalance. The details refer to the text. NaR, Na ϩ ,K ϩ -ATPase rich cell; PTHR, PTH receptor; STCR, STC receptor. 
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